Coherent terahertz radiation from multiple electron beams excitation within a plasmonic crystal-like structure (a three-dimensional holes array) which is composed of multiple stacked layers with 3 × 3 subwavelength holes array has been proposed in this paper. It has been found that in the structure the electromagnetic fields in each hole can be coupled with one another to construct a composite mode with strong field intensity. Therefore, the multiple electron beams injection can excite and efficiently interact with such mode. Meanwhile, the coupling among the electron beams is taken place during the interaction so that a very strong coherent terahertz radiation with high electron conversion efficiency can be generated. Furthermore, due to the coupling, the starting current density of this mechanism is much lower than that of traditional electron beam-driven terahertz sources. This multi-beam radiation system may provide a favorable way to combine photonics structure with electronics excitation to generate middle, high power terahertz radiation.
In ref. 16 , we have proposed the interaction between a square-shaped e-beam with guiding wave mode in multiple stacked layers with single sub-wavelength holes (MSLS). The most important is that the MSLS can be can be integrated to construct a plasmonic crystal-like structure that can support multi-beam interaction. Moreover, the coupling of the electromagnetic fields may bring an enhancement of the interaction. Therefore, in this paper, we have proposed an efficient way to generate THz wave from the multi-beam interaction in such plasmonic crystal-like structure.
The plasmonic crystal that made of three-dimensional hole-array layers (3DHA) can support MSP waves which give the possibility of electron beam-MSP interaction and can also provide holes array to act as multi-beam channels. Therefore, multi-beams (9-beams) excitation within such structure which could lead to middle and high output power THz radiation has been studied in detail. The results show that such radiation source system leads to a significant improvement with higher efficiency and lower starting current density than traditional e-beam-driven sources.
Results
The model and electromagnetic coupling mode. The 3DHA structure is made of multiple stacked layers with 3 × 3 subwavelength holes array. Figure 1 (a) illustrates two periodic units, and each periodic unit is composed of two different hole-layers. One of them is with a large hole and the other is with uniformly distributed 3 × 3 smaller holes array. Each layer can be fabricated separately with metal such as copper. Then, several periodic units are assembled to form the 3DHA structure ( Fig. 1(b) ). Figure 1 (c) demonstrates a 3-D view of the whole design of this 3DHA THz source. A direct-current (DC) e-beam is extracted from the cathode to the anode on which centered 3 × 3 holes array is constructed. Some electrons are intercepted by the anode while the others pass through the 3 × 3 holes array on it to form 3 × 3 multi-beam array and then pass through the 3DHA as shown in Fig. 1(c,e) . The cross-sectional and longitudinal views of this structure with multi-beam trajectories and dimensional parameters are shown in Fig. 1(d,e) , respectively. It can be found that each hole of the 3DHA acts as an e-beam channel where the injected e-beam passes through and interacts with the MSP wave in the structure.
As we know, for the coherent radiation from the beam-wave interaction, the field intensity and distribution in the structure are key factors. Firstly, the EM field distribution in the 3DHA has been investigated by applying the finite-integral-technique (FIT) eigenmode solver in CST Microwave Studio 39 . Figure 2 demonstrates that the field distributions in different hole-array structures, where the boundary condition is perfect electric conductor (PEC). For the 1-hole structure in Fig. 2(a) , the field distribution is regular around the structure. With the number of holes increasing, the field distribution has been changed as shown in Fig. 2(b-d) . Due to the wave coupling among the holes, the distortion of the field takes place. On the other hand, in the longitudinal section, the contour map of the field distribution demonstrates that the mode in the 3DHA has the same EM characteristics of surface plasmons. However, due to the coupling in the center, the mode is not an evanescent wave so that this mode is just a mimicking surface plasmon wave.
The dispersion relation further shows the EM characteristics of this mode. It can be found from Fig. 3 that with the number of holes decreasing, the upper and cutoff frequencies increase and the dispersion passband becomes narrower. It should also be noted that, since the wave can be coupled through the holes array, 1st spatial harmonics of the dispersion curves in 3 × 3 hole-array structures are backward waves while it is forward wave for the 1-hole structure. Moreover, by comparing the contour map of the field in Fig. 2 , it is shown that the coupling has enhanced the field intensity. Next, we have undertaken a comparison of amplitude of the longitudinal electric field (E z ) among the modes in the 3DHA, 5-hole, 3-hole, and 1-hole structures under PEC boundary condition by a 3D finite-difference time-domain (FDTD) simulation 40 . From the comparison result shown in Fig. 4 , it can be found that the field intensities of the mode in the 3DHA are much stronger than those in the rest structures. As we know, in the beam-wave interaction, the intensity of E z at the e-beam location determines the interaction efficiency and radiation intensity. Thus, it can be expected that the multiple beam-MSP wave interaction in the 3DHA structure may be quite favorable.
Multi-beam interaction in 3DHA.
We now analyze the multi-beam excitation and interaction with such mode in 3DHA system. First of all, when the longitudinal direct-current (DC) e-beam is injected in the modulation area, the fundamental mode of the structure will be excited. The synchronization and interaction occurs when the phase velocity of the mode matches the velocity of the e-beam. During the interaction, the DC e-beams exchange energy with the mode so the velocity and density of the DC e-beams will be modulated and the DC e-beams be bunched. Figure 3 illustrates the mechanism of the interaction. The synchronization condition is fulfilled k z = ω/v z , where v z is the beam velocity. The intersection between the e-beam line and the dispersion curve of the mode in the 3DHA (the interaction point shown in Fig. 3 ) is just fulfilled the condition. Therefore the interaction frequency is determined by the dimensional parameters and the beam voltage. The parameters of the system are listed in the Table 1. A 3D simulation has been performed with a fully EM particle-in-cell (PIC) code CHIPIC 41 based on the FDTD method applying the parameters listed in Table 1 to simulate the interaction. The 3 × 3 multi-beam array pass through the structure to stimulate the EM mode. In Fig. 5(a) , the special coupling mode is clearly excited and the field distribution is almost the same as the analysis of the eigenmode without the e-beams in Fig. 2(d) . Figure 5(b,c) demonstrate the phase space of the multi-beams in profile and 3-D view, respectively. During the interaction, the DC multi-beams are found to synchronize and interact efficiently with the coupling mode and then are gradually modulated and well bunched. It can be observed that in Fig. 5(d) the e-beam exchange the energy with the mode efficiently so that the modulation depth which is directly related to the interaction efficiency can reach near 30%. Figure 5 (e) shows that the amplitude of E z in the structure can reach 14.8 kV/mm. Both modulation depth and amplitude of E z are relative high values for VEDs in the THz region. Figure 5 (f) presents the frequency spectrum, fast Fourier transformed from the time domain waveform (Fig. 5(e) ). The interaction frequency 0.275 THz agrees well with the dispersion relation portrayed in Fig. 3 . More important, the operating current density of the interaction is only 6 A/cm 2 which is a fairly low value for VEDs in the THz region. Next, we have studied the coupling among the e-beams. The simulation results are shown as below. The Fig. 6 is the field intensity of the space charge wave field of the e-beam. The colors describe the field intensity, the deeper the larger. It can be found that for one e-beam as shown in Fig. 6(a) , the e-beam just interact with the mode of its own hole. Therefore, the space charge field is not very strong and concentrates around the hole. It should be noted that one period of this structure is composed of two layers, the one is with a large hole and the other is with 3 × 3 holes array. Therefore, in the 2-beam interaction shown in Fig. 6(b) , when the beams pass the larger hole-layer, they meet with each other face to face. Then the space charge waves of both e-beams couple with each other through the hole so that the field intensity has been improved. It can be observed that at the border between the two beams, the field has enhanced significantly. With the number of e-beam increased, the coupling intensity is enhanced. For the 3-beam and 5-beam interaction, the Fig. 6(c,d) demonstrated that hence the center beam couple with beside beams the field intensity at the edge becomes larger and the size of the strong field location also has been enlarged. As a result, as shown in Fig. 6 (e), due to the strong coupling among the 9-beam, the field intensity become much higher and such field covers larger region. Moreover, the space charge wave in the e-beam directly corresponds to the modulation and efficiency. Thus, in order to further illustrate the role of coupling in the multi-beams-3DHA interaction, different number of holes and e-beams interaction have been applied in the simulation as shown in Fig. 7 . It is clear that with the beam-number decreasing the modulation depth is becoming smaller. Such results show that the coupling among e-beams can enhance the interaction efficiency to improve the modulation depth.
It is known that the coherent radiation requires high current density (generally > 30 A/cm 2 ) for the VEDs in THz frequency band 11 , which is a key factor limiting developments of the e-beam-driven THz oscillator-sources. In this radiation system, the starting current density is considerably low. In a 50-period 3DHA structure, fixing the beam energy at 50 keV, we sweep the beam current density. The optimized simulation results are shown as black squares in Fig. 7 . The region between the threshold and saturation points is the linear growing region where the radiation intensity from the interaction linearly increases with the current density. The starting current density is only 5 A/cm 2 , which is a fairly low value for THz radiation sources, and the saturation point is about 65 A/cm 2 . Besides, we also obtained the optimized radiation intensities as a function of the beam current density in the 5-hole (5-beam) and 3-hole (3-beam) cases, which are respectively illustrated as red circle and blue triangle in Fig. 8 . It can be found that the threshold and saturation current density decrease with the number of e-beams increases, which could be considered as the coupling among the multi-beams could enhance the interaction coupling impedance so that the starting current can be reduced.
Next, the output structure has been studied. As shown in Fig. 9(a,b) and Fig. 9 (c), for this radiation system the T-coupler waveguide has been applied to output the radiation. The output window is just a standard waveguide port which can connect with an antenna to emit the THz beam. The contour map of the output field is illustrated in Fig. 9(d) and (e). It is clearly that the fundamental mode TE 01 could be observed.
Moreover, for this structure, the simpler fabrication procedure could be easier than traditional gratings. In general, grating, bi-grating and so on are used the entirely machined technique and the parameters of such structures are always very small at THz, so the microfabrication techniques such as lithographie, galvanoformung und abformung process (LIGA) and deep reactive ion etching (DRIE) have been used. For this structure, it can be made of stacked multiple planar sub-wavelength holes layers. Thus, we can fabricate the holes layers separately and assemble them together to construct the whole structure.
In summary, generation of coherent terahertz radiation from an interaction between multi-electron beam with the coupling mode in a plasmonic crystal-like structure (three-dimensional hole-array structure) which is made of multiple stacked layers with 3 × 3 subwavelength holes array is proposed in this paper. The results show that such multi-beam interaction mechanism can enhance the modulation depth and reduce the current density. Due to multi-beam working, this mechanism can generate high power THz radiation. Moreover, this plasmonic crystal-like structure could provide larger size with more number of holes so that more than 3 × 3 multi-beam array can be applied in this radiation source. At last, this concept of multi-beam excitation within three-dimensional hole-array structure could provide a promising way to develop the compact THz radiation sources with middle or high power. 
